Parkinson's disease (PD) is a progressive neurodegenerative disorder, of which 1% of the hereditary cases are linked to mutations in DJ-1, an oxidative stress sensor. The pathological hallmark of PD is intercellular inclusions termed Lewy Bodies, composed mainly of a-Synuclein (a-Syn) protein. Recent findings have shown that a-Syn can be transmitted from cell to cell, suggesting an important role of microglia, as the main scavenger cells of the brain, in clearing a-Syn. We previously reported that the knock down (KD) of DJ-1 in microglia increased cells' neurotoxicity to dopaminergic neurons. Here, we discovered that a-Syn significantly induced elevated secretion of the proinflammatory cytokines IL-6 and IL-1b and a significant dose-dependent elevation in the production of nitric oxide in DJ-1 KD microglia, compared to control microglia. We further investigated the ability of DJ-1 KD microglia to uptake and degrade soluble a-Syn, and discovered that DJ-1 KD reduces cell-surface lipid raft expression in microglia and impairs their ability to uptake soluble a-Syn. Autophagy is an important mechanism for degradation of intracellular proteins and organelles. We discovered that DJ-1 KD microglia exhibit an impaired autophagy-dependent degradation of p62 and LC3 proteins, and that manipulation of autophagy had less effect on a-Syn uptake and clearance in DJ-1 KD microglia, compared to control microglia. Further studies of the link between DJ-1, a-Syn uptake and autophagy may provide useful insights into the role of microglia in the etiology of the PD.
Parkinson's disease (PD) is characterized by motor symptoms such as resting tremor, rigidity in movement, bradykinesia, and gait disorders (Jankovic 2008) . These motor symptoms are attributed to the progressive loss of neuromelanin-containing dopaminergic neurons throughout the substantia nigra pars compacta within the basal nuclei (Damier et al. 1999) . On the molecular level, the degeneration of neurons is marked by intracellular inclusion bodies within neurons, termed Lewy bodies (Gibb and Lees 1988) , which are comprised of several proteins, such as ubiquitin and aSynuclein (a-syn) (Spillantini et al. 1997) .
In recent years, several lines of evidence have suggested that a-syn can propagate between neighboring cells. Oligomeric a-syn was shown to propagate between neurons in vitro, as well as in vivo (Desplats et al. 2009 ), in line with the findings of Braak and colleagues (Braak et al. 2003) , which showed that PD pathology appears to progress between adjacent areas. These findings suggest that a brain area affected by Lewy bodies exerts a harmful effect on neighboring areas, which prompts Lewy bodies' formation in those areas. Moreover, high levels of a-syn were shown to elicit neuroinflammation in the brain, especially in the nigrostriatal pathway, and to increase the vulnerability of dopaminergic neurons to a-syn-induced inflammatory challenges (Zhang et al. 2005) .
Microglia are the resident immune cells of the CNS, which are derived from the myeloid precursor cells and share many similar features to peripheral macrophages (Perry et al. 2010; Saijo and Glass 2011) . The substantia nigra appears to be especially susceptible to microglial activity, as there is over five times more microglia in this area than in the hippocampus or cortex of rats, and their activation appears to be more neurotoxic in the substantia nigra (Kim et al. 2000) . In PD, there is increased microglial proliferation in the substantia nigra (Banati et al. 1998) . In addition, microglia cells where shown to uptake neuron-released a-syn (Kim et al. 2013a) . The mechanisms of internalization and clearance of extracellular a-syn are not fully clear: various cells may internalize a-syn via dynamin/clathrin-mediated endocysosis (Desplats et al. 2009 ), or via membrane lipid rafts (Park et al. 2009 ).
DJ-1 is a 20 kDa protein encoded by the PARK7 gene (Wilson 2011) , which is ubiquitously expressed in human tissues (Nagakubo et al. 1997) . It was shown to confer neuroprotection against oxidative stress (Taira et al. 2004) , and to have anti-inflammatory effects (Kim et al. 2013b; Trudler et al. 2014) . DJ-1 mutations are found in families with recessive early onset of PD, accounting for about 1% of early onset cases (Abou-Sleiman et al. 2003) . Blackinton et al. (2005) have shown that some point mutations in DJ-1 observed in PD patients result in an unstable protein, generating an 'effective knockout' or knockdown of DJ-1 in cells. Interestingly, it was previously suggested that DJ-1 associates with membrane lipid-rafts and that DJ-1 knockout reduces lipid rafts-mediated endocytosis in astrocytes (Kim et al. 2013c) . Previous results from our lab and others have shown that DJ-1 knock down (KD) leads to increased inflammatory responses by microglia to dopamine, and increased dopaminergic neurotoxicity (Trudler et al. 2014; Chien et al. 2016) . Autophagy is an evolutionally conserved process, in which proteins and organelles are degraded and recycled (Klionsky et al. 2012) . During this process, the cargo is engulfed by a double-membrane to form a vesicle termed autophagosome, which is eventually fused with lysosomes, forming an autophagolysosome. As the lysosome is acidic and contains a variety of hydrolytic enzymes, the content of the autophagosome is subsequently degraded (Pan et al. 2008; Yamamoto and Yue 2014) . In particular relevance to PD, a-syn is degraded by both the ubiquitin-proteasome system and autophagy (Webb et al. 2003) , and the latter is increased in various toxin models of PD, suggesting that autophagy may be a major mechanism for a-syn clearance. Nevertheless, autophagy can clear a-syn only up to a certain level, beyond which it accumulates and becomes neurotoxic (Pan et al. 2008) .
Here, we examined the effect of DJ-1 deficiency on the ability of microglia to interact and clear extracellular a-syn. We found that DJ-1-deficient microglia are impaired in their ability to uptake extracellular a-syn. In addition, we show that a-syn induces greater proinflammatory responses in DJ-1 KD microglia. Finally, we show that deficiency of DJ-1 in microglia leads to impairments in autophagy and in degradation of a-syn.
Materials and methods
The study was not pre-registered.
Cell lines N9 line (RRID CVCL_0452) was received from the laboratory Prof. Dr. Michael T. Heneka from clinical Research Center for Neurodegenerative Diseases (KBFZ) at the University Hospital Bonn. The N9 microglia cell line is not listed by ICLAC. The cells were transfected with three different shRNA particles designed to target DJ-1 (termed DJ-A, DJ-B and DJ-C), or with a control shRNA (Sigma-Aldrich, St. Louis, MO, USA), as previously described (Trudler et al. 2014) . This cell line was reported to present similar activation repertoire toward inflammatory stimulants, compared to primary microglia cells (Lu et al. 2010) . Cells were maintained in 5% CO 2 atmosphere at 37°C in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with L-glutamine, with 10% heat inactivated fetal bovine serum (FBS HI), 1% Pen-Strep (Biological Industries, Kibbutz Beit Haemek, Israel) and 2 lg/mL puromycin (Sigma-Aldrich) as an expression selection.
Expression and purification of recombinant a-syn Recombinant a-syn protein was expressed in pT7-7 BL21 E. coli (PRID WB-STRAIN:HT115(DE3), as previously described (Shaltiel-karyo et al. 2010) . The proteins were collected by centrifugation, and the pellet was washed once with 1 mL of 50% ammonium sulfate solution (4°C; 1 : 1 v : v saturated ammonium sulfate (4°C): water). The washed pellet was re-suspended in 900 lL of 100 mM ammonium acetate (to form a cloudy solution) and precipitated by adding an equal volume of 100% ethanol at 25°C. Ethanol precipitation was repeated once more, followed by a final re-suspension in 100 mM ammonium acetate, overnight dialysis to water at 4°C, freezing in liquid nitrogen, and lyophilization. The proteins were later re-suspended in 100 lL phosphate-buffered saline (PBS) and centrifuged for 10 min in 10 000 RMP, to discard fibrils. The supernatant was filtered using a centrifugal filter (Amicon 100K; Millipore, Billerica, MA, USA) and measured in a nanodrop (NanoDrop ND-1000; Thermo Scientific, Wilmington, DE, USA) using an extinction coefficient of 5960/M/cm at 280 nm. To evaluate the profile of a-syn, 1 lg samples of a-syn were resolved by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and electrophoretically transferred to nitrocellulose membranes. Membranes were blocked for 1 h in blocking buffer (2% bovine serum albumin in PBS) and then blotted with Rabbit anti-synuclein antibody (2016-1; Epitomics, Burlingame, CA, USA), followed by a secondary antibody, linked to horseradish peroxidase, for 1 h. Immunoreactive bands were detected with the enhanced chemiluminescence reagent. Samples consist of over 85% monomeric a-syn and about 15% dimers. No higher molecular species were detected ( Figure S1a ). To evaluate the presence of endotoxin within a-syn samples, we used the ToxinSensor kit (#L00350C; GenScript, Piscataway, NJ, USA), and found that 0.1 lM samples of a-syn contain 0.1075 lg/mL lipopolysaccharide (LPS).
Generation of fluorescent-tagged a-syn Recombinant a-syn was tagged using the AnaTag TM 5 -FAM Protein Labeling Kit (Anaspec, San Jose, CA, USA), according to manufacturer's instructions. Briefly, 5-FAM dye was diluted in dimethylsulfoxide and mixed with recombinant a-syn at a 10 : 1 molar ratio for 1 h at 25°C. Finally, the conjugate was purified using a desalting column and stored at À20°C until use.
a-syn uptake assays N9 microglia cells (10 5 ) were plated on a 24-well plate, and grown in RPMI (supplemented with 10% FBS) to 80% confluence. Prior to incubation with a-syn, the cells were washed and incubated overnight in a serum-free medium (RPMI 1640 with 1% Pen-Strep). The cells were then incubated for 2 h with 0.2 lM fluorescenttagged a-syn, washed with PBS, and dissociated using trypsin solution B with EDTA (Bioloical Industries, Bet-Haemek, Israel). Following centrifugation, the cells were resuspended in PBS and the cell suspension was analyzed for a-syn uptake by flow-cytometry using a FACSORT TM flow cytometer (Becton Dickinson, San Jose, CA, USA) with an argon laser at 488 nm, and the threshold for fluorescent cells was established from the upper 1% of fluorescence level of untreated control cells. The results were analyzed using the Cyflogic software version 1.2.1 (CyFlo Ltd., Turku, Finland). To distinguish cells with internalized a-syn from surface-bound particles, trypan blue (Bioloical Industries) was added to cell suspensions at a final concentration of 1.2 mg/mL, to quench the signal from membrane-bound particles, as previously described (Nuutila and Lilius 2005) . In addition, 0.6 9 10 5 cells were seeded on 12 mm glass cover-glasses (Marienfeld-Superior, Lauda-Königshofen, Germany) in 24-well plate and incubated with fluorescent-tagged a-syn as previously described. Cells were washed three times with PBS, fixated for 10 min with 4% paraformaldehyde, and following three additional washes in PBS the cells were mounted with DAPI (4',6-diamidino-2-phenylindole) on microscope slides (MarienfeldSuperior) for visualization. Slides were visualized and analyzed by fluorescence microscopy (Nikon Eclipse 80i, Melville, NY, USA).
Isolation of primary microglia cells from mixed glial cultures
Primary microglia were isolated from 1 to 3 days BALB/c mice (BALB/cOlaHsd; Envigo, Jerusalem, Israel), as previously described (Saura et al. 2003; Farfara et al. 2011) . All animal care and experimental use was done in accordance with the Tel Aviv University guidelines and approved by the university's animal care committee. Briefly, mice were killed and the meninges were removed from the brain. Brains were mechanically dissociated in Trypsin and incubated for 10 min at 37°C, and the trypsin was inactivated using RPMI medium containing 20% FBS. The cells were left for 10 min to separate debris and connective tissues, and the supernatant was filtered through a 70 lm cell strainer (Falcon #352350; Corning, NY, USA). Cells from each animal were seeded on a 12-well plate, six wells each, in RPMI medium containing 10% FBS. Medium was replaced every 2 days, for 21 days. To distinguish microglia cells from other populations using flowcytometry, cell were incubated with anti CD11b antibody (# 557397, RRID AB_396680; 1 : 200; BD Biosciences, San Jose, CA, USA), as previously described (Frenkel et al. 2008; Farfara et al. 2011) , and calculations were conducted only on CD11b + cells.
Autophagy assays N9 microglia cells (4 9 10 5 ) were plated on 6-well plates in RPMI (supplemented with 10% FBS). Cells were washed with Earle's balanced salt solution (EBSS; L7543; Sigma-Aldrich), and incubated with EBSS for different time periods, to induce autophagy. Cells were lysed using solubilization buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA pH 8, 1 mM EGTA pH 8, 1.5 mM MgCl2, 200 lM Na3VO4, 150 nM aprotinin, 1 lM leupeptin and 500 lM phenylmethylsulfonyl fluoride (PMSF)). Lysates were cleared by centrifugation, a sample buffer was added and the lysates were boiled. Lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis through 10-12.5% polyacrylamide gels, and were electrophoretically transferred to nitrocellulose membranes. Membranes were blocked for 1 h in Tris-buffered saline with tween buffer (TBST; 0.05 M TrisHCl pH 7.5, 0.15 M 20 NaCl, and 0.1% Tween 20) containing 6% milk, and then blotted with primary antibodies (Monoclonal mouse anti-tubulin (T7816, RRID AB_261770; Sigma-Aldrich), polyclonal rabbit anti-LC3B (L7543, RRID AB_796155; Sigma-Aldrich) and polyclonal rabbit anti-p62 (PM045, RRID AB_1279301; MBL International, Woburn, MA, USA)) for 2 h. Secondary antibody, linked to horseradish peroxidase, was then added for 1 h. Immunoreactive bands were detected with the enhanced chemiluminescence reagent. For measurement of autophagy flux, cells were incubated in full-Roswell Park Memorial Institute (RPMI) buffer or in EBSS for 3 h, with or without 10 lM chloroquine (CQ; C6628 SigmaAldrich). Bands were later analyzed using the ImageJ software version 1.47 (NIH, Bethesda, MD, USA).
Cholera toxin B subunit assay for measurement of lipid rafts N9 microglia cells (10 5 ) were plated on a 24-well plate, and grown in full RPMI to 80% confluence. Prior to incubation with Alexa Fluor â 555-conjugated cholera toxin B subunit (CTxB) (Molecular Probes, Eugene, OR, USA), the cells were washed and incubated overnight in a serum-free medium. As CtxB has high affinity to GM-1 ganglioside-enriched lipid rafts on cell membranes (Lencer et al. 1999) , the cells were then incubated with 0.5 lg/mL CTxB for 30 min in 4°C which allowed adherence of CTxB to just the cells' membranes, but not internalization. The cells were washed with PBS, dissociated using trypsin solution B with EDTA, and the cell suspension was analyzed for CTxB staining using the Gallios flow cytometer system (Beckman Coulter, Brea, CA, USA). Data were analyzed using a 561 nm laser, and threshold for fluorescent cells was established from the upper 1% of fluorescence level of untreated control cells. The results were analyzed using the Cyflogic software, CyFlo Ltd, Turku, Finland, version 1.2.1.
Enzyme-linked immunosorbent assay (ELISA) assay N9 microglia cells were plated on a 48-wells plate in full RPMI (5 9 10 4 per well) to 80% confluence. Cells were incubated with LPS (Sigma-Aldrich) or a-syn for 24 h, and the conditioned media from the treatments were stored at À20°C until use. IL-6 and IL-1b levels were measured using sandwich-ELISA, according to the manufacturer's instructions (BD PharMingen Systems, Minneapolis, MN, USA). Briefly, 96-well ELISA plates (Nunc, Roskilde, Denmark) were coated overnight at 4°C with either purified IL-6 or IL-1b capture antibody, washed with PBS with 0.05% Tween (PBST), and blocked for 1 h in 2% bovine serum albumin in PBS at 25°C. After washing with PBST, the samples were added to the plate overnight at 4°C, and washed again with PBST. Biotinylated capture antibody was added for 1 h at 25°C, washed with PBST, and horseradish peroxidase-conjugated streptavidin was added for 30 min. After washing with PBST, 3,3 0 ,5,5 0 -tetramethylbenzidine (eBioscience, San Diego, CA, USA)) was added until color appeared. The reaction was stopped by adding 1 M H 2 SO 4 , and analyzed using a Spectrafluor plus microplate reader (Tecan, M€ annedorf, Switzerland). Optical density was measured at 450 and 570 nanometer wavelengths, and analyzed using the Magellan software version 2.22 (Tecan).
Nitric oxide measurement N9 microglia cells (5 9 10 4 ) were plated on 48-wells plates in full RPMI to 80% confluence. Cells were incubated with various concentrations of a-syn for 24 h, and the supernatant was measured for nitrite (NO 2 ), a breakdown product of nitric oxide, using Griess Reagent System (#G2930; Promega, Madison, WI, USA). Briefly, 50 lL of supernatant were mixed with 50 lL of Sulfanilamide Solution for 10 min at 25°C, and then mixed with 50 lL of NED solution for 10 min until color appeared. Absorbance was measured at 540 nm, using Spectrafluor plus microplate reader (Tecan).
Statistical analysis
Results were analyzed using STATISTICA (data analysis software system), version 12 (StatSoft, Inc. Tulsa, OK, USA), by either a twotailed Student's t-test when two groups were compared or a two-way ANOVA (followed by Bonferonni post hoc test) when three or more groups were analyzed. p-values less than 0.05 were considered statistically significant. In FACS and western blot experiments, the people who ran the experiments on the cell samples did it blindly, and were not the same people who analyzed the results. While microglia cells (line and primary) were seeded in even number per plate well and were arbitrarily allocated for each treatment, no official randomization method such as dice-or computer-based randomization was used.
Results
Impaired uptake of soluble a-syn by DJ-1 KD microglia We previously reported that DJ-1 KD microglia exhibit increased clearance of extracellular particles (Trudler et al. 2014) . To assess uptake of a-syn we purified recombinant a-syn from E. coli bacteria ( Figure S1a) . Surprisingly, analysis of a-syn uptake using flow cytometry revealed a 43%, 29% and 41% reduction in the uptake of florescent labeled a-syn in three DJ-1 KD microglia lines A, B, and C, respectively, compared to control cells (Fig. 1a and b , p < 0.001 for each line). To verify that the fluorescentpositive cells indeed internalized extracellular a-syn, flow-cytometry fluorescence was compared between cells suspended in PBS an in trypan-blue, which is used as a quencher of membrane-bound particles (Nuutila and Lilius 2005) . Both control cells and DJ-C cells, which showed a marked reduction in a-syn uptake, did not exhibit significant reductions in their fluorescence following trypan-blue treatment (15% and 10%, respectively), suggesting that the observed fluorescence in both cell lines was indeed caused from internalized particles ( Figure S3 ).
Further validation of the internalization of alpha-synuclein in the DJ-1 KD clones was obtained using fluorescent microscopy. We discovered about 50% reduction in a-syn uptake under microscopic imaging, compared to control cells in all the DJ-1 KD microglia. (Fig. 1c and d , p < 0.001 for each line).
DJ-1 deficiency affects autophagic flux in microglia As autophagy was shown to play a role in the degradation of a-syn in PD models (Webb et al. 2003) , we measured autophagic activity in control and DJ-1 KD microglia. The cells were incubated in EBSS medium for different time periods, and the levels of p62 were measured. This protein is subjected to autophagic degradation and is routinely used as a marker for autophagy (Klionsky et al. 2012) . We discovered that the basal levels of p62 were similar in the control and DJ-1 KD cell lines (data not shown). Upon autophagy induction, control cells showed a decrease in p62 levels which reached its peak after 2 h (54%, p < 0.001), followed by a significant increase in p62 levels after additional 2 h (64%, p < 0.05, Fig. 2a) , as previously reported to occur following prolonged starvation (Sahani et al. 2014) . In contrast, DJ-A and DJ-C lines showed a slower decrease in p62 levels, which did not reach statistical significance during the experimental time frame. The DJ-B line did show a significant decrease in p62 levels after 2 h (p < 0.05), but like all DJ-1 KD line did not exhibit an increase in p62 levels afterward.
We next examined the levels of LC3, which is another marker for autophagy (Klionsky et al. 2012) . During autophagy induction, LC3-I is lapidated and converted into LC3-II, which is subsequently degraded at the autophagolysosome. We found that the basal levels of LC3-II were similar in the control and DJ-1 KD cell lines (data not shown). Upon induction of autophagy (starvation with EBSS), control cells showed a decrease in LC3-II levels which reached its peak after 4 h (46%, p < 0.01, Fig. 2b ). In contrast, all DJ-1 KD lines exhibited an increase trend in LC3-II levels during the first hour of amino acid starvation, which was most prominent in the DJ-C line (88%, p < 0.05). Moreover, in the DJ-C line the LC3-II levels were significantly higher compared to control cells after 1 and 2 h following induction of autophagy (p < 0.001). Together, these results point to impairment in the late stage of autophagy in DJ-1 KD lines, which is most significant in the DJ-C line. We chose this line for further experiments. The observed decrease in LC3-II levels may result from degradation through autophagy or from decreased synthesis. To resolve this issue, we measured LC3-II flux in the DJ-C line and in control cells under basal and starvation conditions using CQ, which interferes with the fusion of the autophagosome with the lysosome, thus inhibiting the degradation of LC3-II (Fig. 2c) . We found that CQ inhibited the reduction in LC3-II levels under amino acid starvation in both cell types. However, while in control microglia, the addition of CQ increased LC3-II levels by 65% (compared to treatment with EBSS alone), DJ-1 KD cells showed only a 21% increase in LC3-II under similar conditions (p < 0.05), suggesting a smaller flux of LC3-II in DJ-1 KD cells under amino acid starvation. Together, these findings point to impairment in autophagic flux in DJ-1 KD microglia, compared to control microglia. a-syn clearance by microglia is affected by autophagy manipulation It has been previously suggested that impairment in extracellular clearance by monocytes is linked to impaired autophagy (Yuan et al. 2012) . To investigate the effects of autophagy on the clearance of a-syn, we tested the effects of autophagy manipulation on a-syn clearance in DJ-1 KD microglia, which showed the greatest impairment in autophagy. Autophagy was inhibited using 10 lM of chloroquine (CQ) for 1 h, followed by 2 h incubation with a-syn and CQ. The results were normalized to control cells without incubation with CQ (Fig. 3a) . We discovered a significant increase in the levels of florescent a-syn in control microglia following autophagy inhibition (94%, p < 0.001), and only a 62% increase in the levels of fluorescent a-syn in DJ-1 KD microglia (p < 0.001). While under normal conditions, DJ-1 KD cells show 34% less a-syn uptake than control cells (p < 0.05), incubation with CQ increased the difference between the two cell lines to 65% (p < 0.001), suggesting that autophagy inhibition affects a-syn degradation in control microglia to a greater degree, compared to DJ-1 KD cells.
We further investigated whether induction of autophagy can affect the levels of a-syn within the microglia. We incubated microglia with EBSS for 1 h, followed by 2 h incubation with a-syn in EBSS. As a control, cells were incubated in normal medium (Fig. 3b) . While both cell lines showed a reduction in internalized a-syn followed by autophagy induction, control cells exhibited a 60% reduction in the percentage of a-syn uptake (p < 0.001) compared to only 21% reduction in DJ-1 KD cells. Taken together, the results indicate that autophagy impairment prevents DJ-1 KD cells from effectively clearing internalized a-syn through an autophagy-dependent mechanism.
As a-syn uptake into microglia was recently suggested to be mediated through GM-1 ganglioside-enriched lipid rafts (Park et al. 2009 ), we measured GM-1 enriched lipid rafts levels by incubating control microglia and DJ-1 KD microglia with labeled cholera toxin subunit B (CTxB), which binds to GM-1 enriched lipid rafts (Lencer et al. 1999) . The experiments were conducted at 4°C for 30 min to ensure only surface binding. We discovered that there was a reduction of 13.7% in CTxB binding to DJ-1 KD microglia as compared to the control cells (p < 0.001), suggesting lower levels of GM-1-enriched lipid rafts (Fig. 3c) .
DJ-1 KD microglia show increased proinflammatory response to a-syn We previously reported the DJ-1 KD microglia exhibit increased sensitivity to LPS administration (Trudler et al. 2014) . Indeed, while all microglia lines showed a significant increase in IL-6 secretion following 24 h of incubation with LPS, all three DJ-1 KD clones exhibited significantly increased IL-6 secretion, as compared to control cells ( Figure S2 ). It was previously reported that a-syn induces a proinflammatory profile shift in microglia (Zhang et al. 2005; Su et al. 2008) . Therefore, we next incubated control and DJ-C cells with a-syn for 24 h, and secreted levels of IL-6, IL-1b, and nitric oxide (NO) levels were measured (Fig. 4a) . We found that incubation with a-syn caused a marked increase of 5.8 fold in the release of IL-6 and DJ-1 KD cells, respectively (p < 0.001), compared to control cells, which exhibited a non-significant increase in IL-6 secretion. To verify that our results are associated with a-syn activation and not with residual endotoxin in our samples, we incubated control and DJ-1 KD cells with various concentrations of a-syn or with corresponding levels of LPS (see Methods). We found a significant increase in microglia activation toward a-syn, compared to LPS, in both DJ-1 KD and control microglia ( Figure S1b) .
We also confirm our result as compared to residual a-syn incubation also induced a 3.7-fold increase in the secretion of were measured using western blot (n = 4-6) *p < 0.05, ** p<0.01, ***p < 0.001 within group, ### p < 0.001 between groups. (c) Control and DJ-C microglia cells were incubated for 3 h in normal medium or in EBSS AE chloroquine (CQ), and the levels of LC3-II were measured using western blot (n = 6; *p < 0.05). Fig. 3 Modulation of autophagy shows a reduced effect on asynuclein clearance in DJ-1 knock down (KD) microglia. (a) Control and DJ-C microglia were incubated with 0.2 lM fluorescent-tagged asyn for 2 h with chloroquine (CQ), and a-syn fluorescence was measured using flow cytometry (N = 6, 3-4 repeats at each experiments. *p < 0.05, ***p < 0.001). (b) Control and DJ-C microglia were incubated with 0.2 lM fluorescent-tagged a-syn for 2 h in Earle's balanced salt solution (EBSS), and a-syn fluorescence was measured using flow cytometry. (N = 3, 3-4 repeats at each experiments. N.S. not significant, *p < 0.05, ***p < 0.001. (c) Control and DJ-C microglia cells were incubated with 0.5 lg/mL CTxB for 30 min in 4°C, and the intensity of the staining to GM-1 enriched lipid rafts was measured using flow cytometry (N = 4, 2 repeats at each experiment. ***p < 0.001). Fig. 4 Increased proinflammatory response to a-syn in DJ-1 knock down (KD) microglia. Control and DJ-C microglia cells were incubated with 0.2 lM a-syn for 24 h. The levels of (a) IL-6 and (b) IL-1b were analyzed using ELISA. Results are presented as average + SEM (n = 6, 3-4 repeats at each experiment. **p < 0.01, ***p < 0.001). (c) the levels of nitric oxide secretion of control and DJ-C cells were measured following 24 h incubation with 0.2 lM and 0.5 lM a-syn. Results are presented as average + SEM (n = 5, 3-4 repeats at each experiment ***p < 0.001).
IL-1b by the DJ-1 KD cells (p < 0.01), whereas control cells did not exhibit increased IL-1b secretion (Fig. 4b) . Microglia neurotoxicity has previously been reported to be linked to NO secretion (Boje and Arora 1992) . Interestingly, incubation of control and DJ-1 KD microglia cells with various concentrations of a-syn (Fig. 4c) significantly increased the secretion of NO in DJ-1 KD microglia, but not in control cells, both at 0.2 lM concentration (4.4 fold, p < 0.001) and at 0.5 lM concentration (9.4 fold, p < 0.001), suggesting an enhanced neurotoxic profile in DJ-1 KD cells in response to a-syn.
Autophagy affects a-syn clearance by primary microglia cells As autophagy appears to affect the levels of intracellular asyn in cell line cultures ( Fig. 3a and b) , we further investigated the effect of autophagy on the levels of intracellular a-syn, in primary microglia culture. Cells were incubated for 2 h with 0.2 lM florescent labeled a-syn, and autophagy was induced with EBSS or inhibited with CQ. Cells were also incubated with anti CD11b antibody, to distinguish microglia cells from other cell populations. Analysis of intracellular fluorescent a-syn using flowcytometry revealed that induction of autophagy reduced the of the numbers of CD11b + a-syn + cells by 12% (p < 0.05, Fig. 5a ), compared to cells incubated in RPMI medium, and conversely, inhibition of autophagy increased the numbers of CD11b + a-syn + cells by 17.5% (p < 0.001). We discovered that autophagy inhibition also caused a 47% increase in a-syn fluorescence intensity in individual cells (p < 0.001; Fig. 5b ). These results further confirm our results in microglia cell line and suggest that autophagy plays an important role in mediating clearance of a-syn by microglia cells.
Discussion
In this study, we investigated the effect of DJ-1 deficiency on the response of microglia to extracellular a-syn. We observed that DJ-1 KD microglia are more susceptible to a proinflammatory response to a-syn and are also impaired in their ability to uptake and clear a-syn.
Chronic inflammation appears to be a part of the pathogenesis of PD, as PD patients exhibit elevated levels of proinflammatory cytokines such as IL-1b and IL-6 in the cerebrospinal fluid and Tumor Necrosis Factor alpha (TNFa) in the substantia nigra, which is linked to neurodegeneration (Lema Tom e et al. 2012) . Here, we report that DJ-1 deficiency increases susceptibility of microglia to a-syn, which leads to a release of NO and proinflammatory cytokines such as IL-6 and IL-1b. Oxidative stress appears to be a major factor in PD pathogenesis (Hauser and Hastings 2013) , and high concentrations of nitrite were shown to lead to the nitration of a-syn molecules, generating dimers and aggregated species of a-syn, which exhibit neurotoxicity (Liu et al. 2011) . Therefore, elevation in the release of proinflammatory cytokines and NO by DJ-1 deficient microglia could promote PD-related pathogenesis.
It has previously been suggested that an increase in extracellular a-syn is linked to the propagation of PD pathology (Braak et al. 2003; Tokuda et al. 2010) . We showed that DJ-1 deficient microglia are impaired in their ability to uptake extracellular a-syn, compared to control microglia. As microglia are important scavenger cells in the CNS (Kreutzberg 1996) , impairment in the removal of excess a-syn could lead to rising levels of this protein in certain microenvironments. These processes, in turn, could lead to a-syn aggregation, since a-syn fibril formation appears to be positively correlated with the effective concentration of monomeric a-syn, and higher effective concentrations of a-syn produce fibrils at a faster rate (Shtilerman et al. 2002) .
The mechanisms of a-syn internalization are not fully clear. While neuronal internalization of aggregated a-syn was shown to be facilitated by dynamin-mediated endocytosis (Lee et al. 2008; Desplats et al. 2009 ), microglial internalization of monomeric a-syn was shown to be independent of dynamin, and rather dependent on GM-1-enriched membrane lipid rafts (Park et al. 2009 ). Recent findings concerning astrocytes have demonstrated that DJ-1 associates with lipid rafts, and that DJ-1 knockout reduces lipid rafts-mediated endocytosis (Kim et al. 2013c) . Here, we confirm that DJ-1 deficiency reduces the levels of membrane lipid rafts, and simultaneously limits the internalization of extracellular a-syn. Of note, we have previously reported that DJ-1 deficiency increases phagocytosis in microglia of other substrates (Trudler et al. 2014) , suggesting that the impairment in a-syn uptake in DJ-1 KD microglia is specific to a-syn.
Since autophagy is a major process within cells, responsible for degradation and recycling of endogenous as well as internalized proteins, deficiency in autophagy could lead to several deleterious consequences because of accumulation of endogenous proteins and damaged organelles in cells (Mizushima et al. 2008) . Autophagosome formation and cargo recognition involve several proteins, such as the lipidated form of LC3 (LC3-II) and p62/SQSTM1, whose turnover serves as a marker for autophagy processes (Klionsky et al. 2012) . Here, we show that autophagy plays an important role in the clearance of a-syn, as inhibition of autophagy using CQ greatly increases the amount of internalized a-syn in primary microglia, while autophagy induction reduced the signal of internalized a-syn, both in cell line and in primary microglia. This indicates that autophagy is involved in the degradation of internalized a-syn. In addition, we show that following autophagy induction by amino acid depravation, DJ-1-deficient microglia have a lower autophagic rate and a reduced autophagic flux, as compared to control microglia. Likewise, we demonstrate accumulation of a-syn following short-time autophagy inhibition using CQ, as well as that clearance of a-syn after autophagy induction is more prominent in the control cells, compared to DJ-1 KD microglia. Of note, CQ affects the lysosomal pH (Klionsky et al. 2012) , and thus inhibits all lsysosomal-dependent degradation processes. a-syn can be degraded by lysosomes through autophagydependent (Webb et al. 2003) and -independent (Lee et al. 2004) processes. Our results show that the DJ-1-KD microglia have impairment in uptake of a-syn compared to control cells. Preventing degradation processes in microglia using CQ increases the levels of internalized a-syn, however, its levels are still reduced in DJ-1-KD, compared to control cells. Furthermore, when autophagy was induced through starvation medium there was significantly smaller decrease in the levels of internalized fluorescent a-syn in DJ-1-KD microglia, compared to control cells. These results strengthen our finding that DJ-1 deficiency impaired both microglia ability to uptake a-syn and their ability to degrade a-syn through autophagy. Our results are in line with previous publications that have shown DJ-1 depletion impaired neuronal autophagy (Gonz alez-Polo et al. 2009; Krebiehl et al. 2010) , and that DJ-1 over-expression increased autophagy in the substantia nigra of rats . As autophagy and phagocytosis processes are linked (Vernon and Tang 2013) , autophagy impairment could create a 'bottleneck' and reduce autophagy-dependent phagocytosis (Jacquel et al. 2012) , thus preventing the efficient removal and degradation of extracellular proteins, contributing to reduced a-syn uptake and its elevated levels in the extracellular space.
In conclusion, we discovered here that DJ-1 deficiency, which is linked to PD pathology, impairs microglia ability to uptake and clear a-syn. In addition, we report here that DJ-1 deficient microglia cells show increased pro-inflammatory responses toward a-syn and impairment in autophagy, which might reduce their ability to clear and degrade a-syn. Our results suggest a crucial role of microglia in the etiology of PD.
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